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EXECUTIVE SUMMARY

INTRODUCTION AND BACKGROUND

The Department of Transportation/Federal Aviation Administration
(FAA) Integrated Noise Model (INM) is a set of computer programs :
which are used to predict the noise impact of aircraft in the
neighborhood of an airport. The purpose of the INM validation
project is to determine the accuracy of the FAA Integrated Noise -
Model f(Version I) hy comparing INM noise exposure calculations
with actual measured noise exposure levels. The current phase
of the project centers upon statistical analvses of single
events in which calculated and observed noise exposure levels
from air carrier flight operations are compared. This compari- u
son uses data from various noise monitoring sites around Wash- '
ington National and Dulles International Airports. ‘

The methodology emploved in this analysis is a refinement of ‘
that initially presented in MTR-7913, "Analysis of Integrated :
Noise Model Calculations for Concorde Flyovers" (Reference 1), !
In that paper, statistical techniques were presented to quantify
the noise characteristics of Concorde operations at Dulles :
International Airport. The same basic methodology together with
certain extensions are now applied to representatives of the
following types of aircraft: two and three engine narrow body
jets, four engine narrow body jets, and wide body jets.

ISSUES IN THIS STUDY

Issue 1: Determining Agreement Between Calculations and
Measurements

In this validation study, INM calculations for various aircraft
are analvzed separately. Statistical methods are used to quan- }
titatively check the agreement hetween calculations and measure-
ments of noise exposure by using paired 4ifferences hetween the
observed noise and the noise model calculation for the same
flight condition. The paired difference is formed by using the
measured noise exposure from a single aircraft flvover and
comparing it with the calculated noise exposure resulting from
using the measured slant-range distance, altitude, and velocity
of the aircraft at its closest point of approach to the monitor
site., The resulting statistic portrays the average difference |
in noise exposure from aircraft flyovers aheam a monitor site

and the INM noise calculations for the same simulated flyovers.
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Issue 2: Assessing Sensitivity to Noise Model Thrust Assumptions

The methodology for determining the INM's sensitivity to thrust
involves using the noise-thrust mapping procedure developed in |
this study and the computed difference between the ohserved '
noigse and the INM calculation from the aircraft's flight charac- =
teristic. The noise-thrust mapping procedure allows the trans- 1
lation of measured noise into equivalent thrust values. This f
translation is based on the assumptions that the noise model is ;
functionally correct and that the difference between measured
and calculated noise is primarily attributable to the assumed
thrust profiles. This procedure enables the assessment of the
innate controllability famount of change in INM calculated noise
values corresponding to the allowable range of thrust values for :
a particular aircraft type) of the thrust profiles in the INM !
data base to make calibrated adjustments.

Issue 3: Investigating Empirical Models for Noise Exposure

The third aspect of the comparison between the observed noise
and INM calculations involves looking at the ohserved noise
values to answer three questions: (1) Which of the observed
variahles associated with the noise event (measured noise for
the aircraft flyover) is most highly correlated with that noise J
event? (2) What is the mathematical form of the variable used "
3 to describe the noise event relationship? (3) Using the "best"
: mathematical description of the noise event relationship, does
the mathematical description agree with the noise curves used in :
INM calculations? ¥

RESULTS AND CONCLUSION

Over K000 single-event noise measurements (measured noise for an
aircraft flyover abeam a monitor site) were taken and paired
with calculations from the INM for statistical comparison. The
observations were categorized hy aircraft type, monitor site,
and tvpe of flight operation, i.e., Adeparture or arrival. The
events for each airport, for each aircraft type, and each flight
operation were combined for grouped statistics. The aircraft
types were then arranged in three groups: four engine narrow N
body aircraft, two/three engine narrow body aircraft, and wide
body aircraft,

The results of three separate analyses of aircraft departures,
and arrivals their noise measurements, and their comparison with
analogous noise calculations by the FAA Integrated Noise Model
are summarized in Tables 1 and 2. Based on these results as

iii :
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well as others presented in this study, the following conclu-
sions have been reached concerning the INM's performance in
modeling air carrier operations at Dulles International and
Washington National Airports,

1. The criterion for 'non-agreement" is defined as the
average of the paired differences ’between actual ohserved
noise from field measurements and calculations of analogous
single noise events from the INM) being greater than three
decibels (3 dB). The 3 dB criterion was selected as a
compromise bhetween setting a narrow margin for agreement,
but still allowing a large enough margin to account for the
wide range of measured noise values resulting from field
ohgervations of uncontrolled aircraft flight operations.
Using this criterion, noise calculations derived from the
use of the INM do not agree with actual observed noise
values for four engine narrow hody aircraft for departure
operations, nor do they agree for most of the wide body
aircraft types for departure operations. Because of the
wide range of variability in measured values for arrival
operations, the interpretation of the arvival data is
difficult, (The confidence intervals for the average
observed noise differences as well as the confidence band
around the regression estimates are large.) Again, using
the three decible criterion for only the observed differ-
ences, noise calculations derived from the use of the INM
do not agree with actual observed noise values for wide
body aircraft for arrival operations.

2. INM calculations of noise events can he changed orv
calibrated most easily by using two methods: adjusting
thrust profiles, and adjusting noise curves. The method of
ad justing thrust profiles alone does not have the inhereat
range (controllability) to allow the calibration necessary
to make the results of the INM calculations for four engine
narrow body aircraft, for example, comparable to actual
measurements (i.e., even when the INM thrust is set for
maximum takeoff thrust, the average observed noise is still
greater than the resulting INM calculation. This situation
is unreasonable since the maximum takeoff thrust is a
limiting value, and when set at this maximum thrust value,
an aircraft would theoretically produce the 1loudest pos-
sible noise value for that particular aircraft.) 1In order
for the INM calculations to agree with the observed noise,
the noise curves in the INM must be adjusted to reflect the
actual measurements made in the field by redefining new
noise curves.

vi
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RECOMMENDATIONS

The objective of the FAA Integrated Noise Model is to calculate
the noise from aircraft operations in the vicinity of an airport
(for an average day of the year in an operational environment).

The Noise Exposure Levels (NELs) used in the INM data base were :
derived mathematically from maximum sound level measurements i
with duration corrections obtained from Effective Perceived
Noise Level (EPNL) measurements, and thus the NELs in the data L]
. base are in part theoretical. From these theoretical values, i
the noise versus distance curves now residing in the data base i
were obtained.

} On the other hand, the empirical noise versus distance curves

presented in this report are a reflection of an actual day of

the year in an actual operational environment. These curves

were derived from a cross-section sampling of aircraft opera-

tions for eight months of data acquisition. The observations 4
are consistent and present a good means to satisfy the stated

objective through fine-tuning the INM.

B L

The following steps are recommended in order to improve the
accuracy of the INM for aircraft types whose observed noise
values do not agree with analogous INM calculations:

1. Adjust the noise curves in the INM for agreement by
using empirical noise curves resulting from regression
analyses of observed noise values. The noise curves should
be adjusted to improve accuracy of noise calculations for
takeoff and climb flight operations only, since the actual
thrust values used for these operations are procedurally
set to a relatively known and fixed value.

2. After adjustment of the noise curves, the noise-thrust
mapping procedure described in this study should be used to
fine tune or calibrate the thrust profiles for arrival
operatijons., Certain assumptions will have to be made
concerning what actual thrust value is being used abeam the
various sites, as well as assumptions concerning the flight
configuration (i.e., flap and gear extension), These :
assumptions are an integral part of the calibration process. ;

3. To insure that the calibration procedure is correct, a i
complete set of noise observations should be taken at two ﬂ
other airports and the statistical comparisons of observed

noise vergus INM calculations be repeated.

viii
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3. The results of the noise measurement comparisons based
on data taken at Dulles Internmational Airport are supported
by those taken at Washington National Airport for two and
three engine narrow body aircraft. (Four engine narrow

body aircraft and wide body aircraft operations were ob-
served only at Dulles Airport.)
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INTRODUCTION

The Department of Transportation/Federal Aviation Administration
(FAA) Integrated Noise Model (INM) is a set of computer programs
which are used to predict the noise impact of aircraft in the
neighborhood of an airport. The purpose of the INM validation
project is to determine the accuracy of the FAA Integrated Noise
Model by comparing INM noise exposure calculations with actual
measured noise exposure levels, The current phase of the pro-
ject centers upon statistical analyses of single events in which
calculated and observed noise exposure levels from air carrier
flight operations are compared. This comparison uses data from
various noise monitoring sites around Washington National and
Dulles International Airports.

1.1 BacEngund

The methodology employed in this analysis is a refinement of
that initially presented in MTR-7913, "Analysis of Integrated
Noise Model Calculations for Concorde Flyovers" (Reference 1),
In that paper, statistical techniques were presented to quantify
the noise characteristics of Concorde operations at Dulles
International Airport, The same basic methodology together with
certain extensions are now applied to representatives of the
following types of aircraft: two and three engine narrow bhody
jets, four engine narrow body jets, and wide body jets. It is
asgumed that the reader is familiar with aircraft noise des-
criptors and aircraft noise calculation models. A sophisticated
knowledge of statistics is not required to understand the body
of the paper; technical material relating to statistical tech-
niques is presented in the appendices,

1.2 Areas of Investi&g;ion

A discussion of variability in observation and modeling pre-
sented in Reference 1 postulated that considerable variability
might be anticipated between an INM calculation and an actual
noise level ohservation, even when model inputs are carefully
specified to accurately reflect the characteristics of the
flyover. This contention was substantiated by the observed
noise data for Concorde aircraft.

No aircraft noise model can he expected to predict accurately
the noise level of an individual event. A valid model, however,
will correctly determine the average noise level of a large
number of similar fiyovers, This notion of correctly deter-
mining the average noise level conceptually defines "validity."
The following section enumerates the techniques which were

1-1




employed in the current study to put this notion on a quanti-
tative basis. These techniques also examine the characteristics
of the relationship between the observed noise values and the
INM calculations. The areas of investigation are those con-
cerning agreement, thrust sensitivity and noise curves.

1.2.1 Determining Agreement Between Calculations and
Measurements

The first and most important aspect of the comparison between
the observed noise and INM calculations is the ability of the
model to portray the noise environment. In this study, INM
calculations for various aircraft types are analyzed sepa-
rately. This approach is taken because the overall accuracy of
the INM is dependent on the accuracy of its calculations for
each of the individual traffic mix entries presented to it as an
input. The accuracy of the cumulative noise metric is bounded
by the accuracy of the individual aircraft type entry. For
example, if the noise exposure from each aircraft contributing
to the total aircraft noise at a point is accurate to within 1
dB, the overall cumulative energy noise metric will also be
accurate to within 1 dB, as a worst case.

1.2.2 Assessing Sensitivity to Thrust Assumptions

The second aspect of the comparison between the observed noise
and INM calculations involves the sensitivity of the INM to
assumed aircraft thrust profiles in the INM data base. The
assumed thrust for an INM calculation of a noise event is im-
portant because it cannot be measured experimentally, but ne-
vertheless must be estimated in order to perform the noise
calculation. The actual thrust for an observed aircraft event
may be different from the postulated thrust because of dif-
ferences in individual pilot thrust management procedures or
techniques, or because of inaccurate assumptions concerning the
aircraft's flight configuration (i.e., gear and flap positions).

1.2.3 Investigating Empirical Models for Noise Exposure

The third aspect of the comparison between the observed noise
and INM calculations involves looking at the observed noise
values to answer three questions: (1) Which of the observed
variables associated with the noise event (measured noise for
the aircraft flyover) is most highly correlated with that noise
event? (2) What is the mathematical form of the variable used
to describe the noise event relationship? (3) Using the "best"
mathematical model of the noise event relationship, does the
mathematical description agree with the noise curves used in INM
calculations?

L




1.3 Variation in Noise Observations

A characteristic of field observations involving uncontrolled
aircraft flight operations 1is that observations of aircraft
noise levels will inevitably exhibit a degree of variability.
In tests conducted by NASA Wallops Flight Center, significant
variation was observed among flyover noise levels for a single
aircraft, despite tightly controlled pilotage procedures and
essentially constant environmental conditions (References 2,
3). It can be expected that an even greater variability will be
observed among operations of commercial aircraft using standard
approach and departure procedures at public airports, yet it is

from such observations that the data to be used in the INM
validation is derived.

Uncontrolled field observations may also be expected to exhibit
further variability when considered in relation to INM calcu-
lations. As Table 1-1 1illustrates, the model is a greatly
simplified representation of the factors affecting aircraft
noigse. Tmplicitly, the model assumes that the factors which are
not modeled will "average out" in the long run. One follow-on
goal of the INM validation project is to determine whether this
assumption is justified.

The primary factors governing noise generation at the source are
the aircraft type, engine type, and thrust. The thrust depends
on the flight path, on how the pilot makes thrust corrections to
correct his flight path (pilotage), and on aircraft configu-
ration (flap settings and landing gear). Additional factors at
the source include the effect of engine shielding by the air-
plane fuselage, variations in noise exposure values in a '"lobe"
pattern around the engine centerline (directivity), and fre-
quency shifts because of velocity vector orientation (doppler
effect).

Propagation effects include the relative distance between the
source and receiver (spherical divergence), atmospheric at-
tenuation (which varies as a function of the humidity, tem-
perature, barometric pressure, and wind), and atmospheric turbu-
lence involving temperature gradients and other atmospheric
heterogeneities,

Receiver effects include ground attentuation, ground surface
reflections and additional attentuation because of ground cover
or interveaing structures between the source and receiver.
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The INM makes certain simplifications to the real world effects
in modeling aircraft noise., The aircraft type and engine type
categories are combined. The pilotage variability is not ac-
counted for; rominal thrust values for different flight rvegimes
were drawn from manufacturer's data. There are temperature and
pressure corrections made only to the takeoff profile. The
landing gear/flap configuration is divided into takeoff or
landing configuration only. Shielding and directivity effects
are combined. There is no correction for the doppler effect.
Spherical divergence and atmospheric attenuation are modeled by
a noise versus distance table., There 1is no correction for
atmospheric turbulence, reflections or ground cover.

Figures 1-1 and 1-2 show an additional area of variability:
variahility in the shape of the aircraft's noise-time hisgtory.
These examples of histories of aircraft noise versus time are
taken within the same hour over the 0ld Town monitor site at
National Airport (DCA). Whereas the shape of noise time history
for departures are more vegular in that they increase in noise
to a recognizable peak and then decrease, the time histories for
arrivals are much more irregular. The designation '"MAX" repre-
sents the maximum sound level, in decibels, for the particular
noise-time history. The abbreviation "NEL" stands for Noise
Exposure Level, which is the level of sound accumulated during a
given event. More specifically, NEL, in decibels, is the level
of the time~integrated A-weighted squared sound pressure for a
given event.

The time histories for departures have a distinct peak which
occurs near the midpoint of the time during which the noise
value is above 70 dB(A). Seventy dB(A) is the threshold value
of the sound level used at the Noigse Monitor Facility to dis-
tinguish between aircraft noise events and ambient noise. The
time histories for the arrivals in some cases have distinct
peaks near the midpoint similar to those for departures; how~
ever, there are also examples of histories in which that is not
the case, such as the bottom three graphs in Figure 1-2. The
shape of these curves are more flat and in some cases the peak
value does not occur near the midpoint of time during which the
noise exceeds 70 dB(A), 1In some cases, the noise time history
is nearly cyclical in nature.

Tn the foregoing discussion, the variation in the shape of the
time histories for arrivals is much more substantial than those
for departures. These inconsistencies are reflected in results
of the analysis, Statistically, much less can be said concerning

1-5
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noise observations for arrivals than departures bhecause the time
integration process for NEL values tends to mask or average-out
specific sound level characteristics of a particular aircraft
approach.

Figures 1-3 through 1-6 show flight patterns of typical north
and south operations at Dulles and National Airports (these
figures are direct extracts from Reference 4). There are a
variety of ground tracks abeam the various sites depicted on
these airport maps. This graphically illustrates the fact that
the observations used in this study are obtained under a variety
of flight conditions. 1In addition to the variation in flight
conditions, meteorological conditions varied considerably from
May 1978 to January 1979, the dates during which the noise
exposure levels were recorded. Consequently, one can expect a
certain amount of variation in noise measurements even under the
same nominal flight conditions.

1.4 FAA Integrated Noise Model Computer Program

The Department of Transportation/Federal Aviation Administration
(FAA) Integrated Noise Model (INM) contains computer programs
which can be used to estimate the noise impacts of aircraft in
the neighborhood of an airport (Reference 5). The model esti-
mates the noise impacts of aircraft operations using the fol-
lowing metrics:

Noise Exposure Forecast (NEF) -- An energy summation of
the noise from a series of events, expressed in Effective
Perceived WNoise Level, weighted for a difference between
daytime and nightime noise exposure, and adjusted with an
arbitrary constant.

Equivalent Sound Level (Lg,,) -- The level of a constant
sound, which in 24-hour time period has the same sound
energy as does a time-varying A-weighted sound level.

Day-Night Average Sound Level {(Ldn) -- The 24-hour period
A-weighted equivalent sound level, which has a 10 dB pen-
alty applied to nighttime levels (2200-0700 Local Time).

Community Noise Equivalent Level (CNEL) =~- The 24-hour
period A-weighted equivalent sound level, which has a 5 dB
penalty applied to evening levels (1900-2200), and a 10 dB
penalty applied to nighttime levels (2200-0700).

1-8
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Time of exposure ahove a threshold of A-weighted sound
level (TA)--the time duration, in minutes, for which the

A-weighted sound level at a measurement location is above a
: specified threshold.

The INM computer programs calculate the values of these metrics
for selected points on the ground or in terms of contours of
equal noise exposure.

The user of the INM provides the program with a description of
the runways, ground tracks, aircraft types, operations and track
utilization, approach profiles and takeoff restrictions. 1n
this analysis, however, only single noise events (NEL obser-
vations) are considered. The ground track is defined by a
straight line in the vicinity of a monitor site. Only one
operation, either takeoff or landing, is assigned to the ground
track, The values of the various noise metrics are calculated

for the positions of the monitor sites relative to the ground
track.




METHODOLOGY

This study investigates three areas to validate the accuracy of
the FAA TIntegrated Noise Model (INM) in calculating aircraft
noise exposure. These are (1) determining the agreement between
the noise model in calculating single noise events and the
measurement of those events, (2) assessing the sensitivity and
controllability of the noise model to thrust assumptions, and
(3) investigating noise curves used in calculating noise metrics
by using regression models from empirical noise data.

2.1 Determining Agreement Between Calculations and Measurements

In this validation study, INM calculations for various aircraft
are analyzed separately. Statistical methods are used to quan-
titatively check the agreement between calculations and measure-
ments of noise exposure by using paired differences between the
observed noise and the noise model calculation for the same
flight condition. The paired difference is formed by using the
measured noise exposure from a single aircraft flyover and
comparing it with the calculated noise exposure resulting from
using the measured slant-range distance, altitude, and velocity
of the aircraft at its closest point of approach to the monitor
site. The resulting statistic portrays the average difference
in noise exposure from aircraft flyovers abeam a monitor site
and the INM calculations for the same simulated flyovers. The
observed noise measurements, when not corrected for distance,
are usually not normally distributed, and thus, standard statis—
tical techniques cannot be used to find the mean of the observed
noise measurements. The method of paired differences, on the
other hand, does make corrections for slantrange distance as
well as for altitude and velocity. The paired differences are
more normally distributed which allows employment of standard
statistical techniques for determining the confidence interval
for the mean difference between the measurement and calcu-
lation. The basis for the selection of this method is docu-
mented in Reference 1.

The noise metric used for the statistical comparison is the
Noise Exposure Level (NEL). The NEL metric is the basic single
event unit used for Equivalent Sound Level (Lgq), Day-Night
Average Sound Level (Ldn) and Community Noise Equivalent Level
(CNEL). Effective Perceived Noise Level (EPNL) and Time Above

Threshold will be considered in a document to be published at a
later date.

2-1




The analysis is performed in three stages: data collection, INM
calculations and statistical comparison. The methodology is
diagrammed in Figure 2-1.

2.1.1 Data Collection

Noise level observations for this study were obtained through
the FAA's Metropolitan Washington Airports Noise Monitoring
System (WMS). The NMS consists of a central computer complex,
which 1is connected to a network of remote monitoring sites
(RMSs) 1located in communities mnear Washington National and
Dulles International Airports. The function of the system is to
provide accurate data on aircraft noise in the communities
surrounding the airports, to identify the aircraft responsible
for specific noise events (by airline flight number and aircraft
type), and to determine the flight paths of those aircraft.

Noise levels recorded by the RMSs are transmitted to a central
computer system at Dulles. The computer keeps a record of each
noise event for later source identification and analysis.
Aircraft noise sources are identified by aircraft type and
flight number, and flight paths are determined, by means of data
from the Automated Radar Terminal System-III (ARTS-TII) air
traffic control computer system. This data is used to compute
the time of closest point of approach (CPA) and associated
flight characteristics such as distance, altitude, velocity and
vertical velocity.

Nine monitor sites were used in the INM validation study, four
of them 1located near Dulles International Airport and five
located near Washington National Airport. These 3ites were
selected because of their proximity to the airport and for their
position near the centerline of departure or arrival ground
tracks., The distances from the landing threshold and the pri-
mary runway used for departures or arrivals are listed for the
nine monitor sites in Table 2-1.

The noise observations, together with data resulting from the
aircraft flight paths and flight plans, were correlated or
matched with each other as to aircraft type and then filtered.
Conditions to accept the data for further processing were added
to help eliminate questionable data by accepting only that data
which were most likely to be an aircraft on arrival or departure
flight path. These conditions were necessary because data
concerning the actual flight path was unavailable and only those
flight characteristics at the aircraft's closest point of ap-
proach to the monitor site was entered into the data base.
These filtering conditions were:

2-2
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1. The distance of the aircraft to the monitor site at the
point of closest approach must be less than 10,000 feet.
(This condition eliminates operations which have low noise
values close to the ambient level.).

2. The duration of the noise event during which the noise
exceeds 70 dB(A) must he greater than 6 seconds, (This
condition helps eliminate non-aircraft noise events),

3. The absolute value of the vertical velocity must be
greater than 200 feet per minute. (This condition elim-
inates level-altitude flyovers such as those on down-wind
leg.).

4. The altitudes for departures must be greater than 1500
feet above ground 1level. (This puts departures, from a
procedural standpoint, ian the cuthack or <¢limb thrust
region).

In this analysis, in addition to engine thrust, two other vari-
ables could not be quantified. These are aircraft weight and
status of the aircraft engine nacelle/acoustic treatment. The
INM has different flight performance profiles for particular
aircraft types according to the weight of the aircraft. These
profiles model thrust, altitude, and velocity as the aircraft
proceeds along its flight path, For a particular position along
this flight path, however, the INM noise calculation with refer-
ence to a particular point on the ground is independent of the
aircraft weight., The actual altitude and velocity calculated
from the aircraft's radar track are being used in the INM noise
calculation., Theoretically, the aggregation of noise events
without regard to weight should not affect the results of the
comparison.,

The INM also has differeat noise curves for particular aircraft
types depending on whether or not it has engine nacelle/acoustic
treatment. Statistically, the two types of engines would cause
a bimodal distribution of noise measurements at the various
noise monitor sites. The bimodal distribution would be es-
pecially noticeable during arrival operations, vesulting from
aircraft with the acoustic treatment measuring quieter than
aircraft with standard engines., TIf the quieter aircraft with
acoustic treatment were to be removed from a sample containing
both types of engines, the average noise level of the sample
containing aircraft with only standard engines would be higher.
The actual effect of both the aircraft engine nacelle/acoustic
treatment and aircraft weight on noise exposure levels is under
current investigation.
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2.1.2 INM Noise Exposure Calculation

The noise model includes in its data bases descriptions of
flight profiles which define the flight characteristics along
the ground track and noise versus thrust and distance curves for
different aircraft types. Examples from this data base together
with the mechanics of the noise exposure calculation are given
in Appendix A.

Because the actual thrust setting data were not available,
assumed thrust levels had to be input to the model before the
noise model could compute the noise exposure. (The sensitivity
of the noise exposure calculation to the thrust estimate is
investigated in Section 2.2 of this study.) The thrust as-
sumptions are complicated by the fact that Dulles and National
Airports have different operational procedures for takeoff.

Prior to October 17, 1978, aircraft departing from Dulles were
instructed to use the standard takeoff procedure advocated by
the Air Transport Association. This procedure dictated that
aircraft use takeoff power until reaching 1500 feet above the
ground and then reducing power to maximum continuous limiting
thrust for climb to en route altitude. Aircraft departures from
National Airport, on the other hand, were instructed to use a
modified climb procedure. This procedure dictated using takeoff
thrust to an altitude of 1500 feet above ground level and then
reducing power to a thrust setting which will maintain 500 feet
per minute climb rate under hot day conditions. On October 17,
1978, the FAA issued an advisory circular (Rcference 6) which
changed the altitude at which takeoff power is reduced from 1500
feet to 1000 feet.

For departures from Dulles and National Airports the thrust
assumptions were derived from the flight profiles included in
the INM computer package. For departures from National Airport,
in particular, the thrust value was calculated by the INM com-
puter package so that the aircraft maintained a 500 feet per
minute climb rate.

For arrivals the thrust assumption was obtained from an example
in the "INM User's Guide" (Reference 5) which gives the approach
thrust as a function of distance from runway threshold. For the
Dulles North, Chantilly, Arcola, and Old Town monitor sites, the
thrust was assumed that for an approach using a 30 glide slope
and landing flap extension. For all the other sites, the thrust
was assumed that for maintaining level flight with an approach
flap extension.
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The distance from the aircraft to the Remote Monitor Station,
altitude of the aircraft gnd velocity of the aircraft are all
direct inputs to the INM calculation of noise exposure. The
aircraft type, flight operation determination (takeoff or land-
ing) and distance from the monitor site to the runway are used
to determine the thrust estimate which in turn is used to de-
termine the noise curve relating noise versus distance from the
aircraft to the monitor site. Once the noise exposure has been
calculated for the particular flight condition, the observed and
calculated noise levels are then compared.

2.1.3 Statistical Comparison

The statistical comparison presented analyzes the distribution
of the differences between observed noise levels and cor-
responding noise model calculations. The measured noise levels
are not normalized or adjusted for any variable. Since the INM
has algorithms which incorporate distance, altitude and velocity
in its computation of the noise exposure level, the INM cal-
culation for a given noise event accounts for these variables.
The mean and standard deviation of the sample containing the
paired noise values was then used to determine the confidence
interval for the average difference bhetween the measured and
calculated values.

Examples of departure and arrival noise measurements and cal-
culations are shown in Figures 2-2 and 2-3, 1In the upper left
scatterplots, each observed noise event has a corresponding INM
calculation. Each of the paired differences fohserved noise
minus INM calculation) is then plotted in the lower left scat-
terplot,

The probability density estimates for the observed noise and the
differences are plotted on the right. The method by which these
densities were derived as well as the calculation of the Kol-
mogorov-Smirnov statistic ("K-S STAT") are described in Refe-
rence 1. The Kolmogorov-Smirnov statistic tells whether or not
the sample could have come from a normal distribution. If the
statistic is less than 1.05, the sample can bhe said to be nor-
mally distrihuted, 1If the statistic is greater than 1,05, it is
highly unlikely that the sample is normally distributed. As
seen in Figures 2-2 and 2-3, correcting the observed noise
values for distance produces a distribution which is more normal
looking.

The 95% confidence interval for the mean of the difference
between the observed noise and INM calculation is shown in the
lower right density estimate as a horizontal line joining two
vertical lines as in a sidewise "I".
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2.2 Assessing Sensitivity to Thrust Assumptions

A strong mathematical relationship exists between the Noise
Exposure Level and the slant-range distance at closest point of
approach. The noise level is also strongly related to the
thrust level. The thrust level, unfortunately, cannot be mea-
sured; however, the thrust level must bhe estimated in order to
obtain a noise model calculation.

One problem of using noise data from Dulles and National Air-
ports 1is that the aircraft use different thrust profiles for
departures. Since thrust levels cannot be measured directly,
this means that the absolute differences between the observed
noise and INM calculations may be caused in part by different
thrust assumptions, namely, the assumed thrust for the INM
calculation can be a different thrust level from that actually
being used. Since thrust assumptions can influence the results
of the comparison markedly, a method by which the comparisons
could be made to a common datum had to be found. This method is
the noise-thrust mapping procedure which translates the measured
noise into equivalent thrust values. This translation is based
on the premise that the noise model is functionally correct, and
that the difference between measured and calculated noise is
primarily attributable to the assumed thrust profile. The INM
calculation is corrected for slant-range distance, velocity and
altitude, leaving thrust as the only primary variable which is
unaccounted for, Essentially, this method uses the INM as a
yardstick to transpose from the noise regime to the thrust
regime and back again.

Another problem arises from some of the monitor sites being
situated near the point at which the power is to be reduced from
takeoff power to a cuthack power for climb., An example is the
O0ld Town monitor gsite at National Airport. If an aircraft were
actually still using the takeoff power setting but a cuthack
thrust setting was assumed for the INM calculation, the dif-
ference bhetween the two would be unusually large. However,
using the nojse-thrust mapping procedure to obtain an estimate
of the thrust used by the aircraft abeam the monitor site,
errors in the INM calculation because of an inaccurate thrust
assumption can be found easily.

The problem of developing useful thrust assumptions is com—
pounded for arrival aircraft. Included in a ten nautical mile
approach path are differing flight conditions such as whether
the aircraft is in level flight or descending, whether or not
the landing gear is extended, and the degree of extension of the
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landing flaps. Each combination of these flight conditions re-
quires a different thrust setting to maintain a stabilized
flight path. For a typical approach profile, the INM has five
different thrust settings. By using the noise-thrust mapping
procedure, the relative location of these thrust settings are
found easily.

Another major advantage of using the noise-thrust mapping pro-
cedure is that it enables an assessment of the innate con-
trollability of the thrust curves in the INM data base to make
calibrated adjustments., 1If the estimated thrust resulting from
the noise thrust mapping procedure is greater than the takeoff
thrust, for example, then no adjustment is possible and the
thrust curves may have to bhe redefined.

The methodology for determining the INM's sensitivity to thrust
involves using the noise-thrust mapping procedure and the com~
puted difference between the observed noise and the INM cal-
culation of noise from the aircraft's flight characteristic.

2.2.1 Noise-Thrust Mapping Procedure

The noise-thrust mapping procedure begins with the thrust as-
sumption used to compute the difference between observed noise
and INM calculation, as shown in Figure 2-4. Using a linear
interpolation scheme based on the log average of the distances
at closest point of approach (CPA) for a particular sample, the
nominal noise value is calculated from the thrust curve for the
nominal thrust (initial estimate) and average distance as il-
lustrated in Figure 2-5. The log average of the distance is
used because observed noise is primarily a logarithmic function
of distance (spherical spreading). For this example, the cal-
culated value corresponding to one side of the 95% confidence
interval for the difference between the observed noise and INM
calculations is then added to the nominal noise value. An
example of this confidence interval is shown in Figure 2-2 in
the lower right-hand figure as a sidewise "I." Using a linear
interpolation scheme again, the thrust corresponding to the
noise value resulting from the addition is calculated, again
using the log average of the CPA distance. The resulting value
is a calculated thrust (revised estimate) corresponding to the
observed noise as viewed by the INM., This procedure is repeated
for the other side of the 95% confidence interval.

2.3 Investigating Empirical Models for Noise Exposure

Since the initial analysis of the noise exposure data and the
computation of the INM sensitivity to thrust variations had
indicated problems with certain of the basic INM noise curves,
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it was decided to investigate the mathematical values isolated
from the influence of INM form describing observed noise cal-
culations by computing empirical noise curves from the observed
data. These empirical curves could then be compared with the
corresponding INM curves, and significant differences noted.

As illustrated in Figure 2-h, for each aircraft type and oper-
ation there were four steps leading to the comparison of the INM
curve and the empirical curve. First, the variables for each
set of data were analyzed using a stepwise linear regression
procedure to determine those variahles statistically significant
in estimating the noise level. Second, from the series of re-
gression models output by the stepwise procedure, an appropriate
model was chosen as the empirical curve. Third, its statistical
validity was examined to determine whether or not the sample was
normally distributed. Fourth, whenever the sample was deter-
mined to be normally distributed, a confidence region of at
least 95% was computed about the curve to portray the possible
variation in the empirical log-linear relationship. Finally,
the empirical curve was graphically compared with the cor-
responding noise curve from the INM data base.

2.3.1 Variables Tested for Significance in Estimating Noise
Values

For each noise exposure measurement, five variables were also
calculated at the aircraft's closest point of approach (CPA).
These variables were: slant-range distance, altitude, velocity
along track, vertical velocity, and elevation angle. {The
method by which these variables were computed is outlined in
Appendix A.) Slant-range distance, altitude, velocity along
track, and elevation angle are variables which relate to the
physics of noise propagation and are used in the INM algorithm
in calculating noise, Vertical velocity relates to either the
climb or the descent gradient and was included in the analysis
on an exploratory basis to determine whether or not the effect
of vertical velocity would be significant. In addition, three
transformations of these quantities were included as variables:
logyy (CPA distance), log)g (CPA velocity), and logyg (CPA
elevation angle). Indicator variables for each monitor site
were also included to check for possible differences in measure-
ments between the sites. The use of indicator variables is
explained in Appendix B.
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2.3.2 Stepwise Regression Procedure

In order to determine those variables significant in estimating
the noise levels and the functional form of their relationships,
a powerful statistical technique, stepwise linear regression,
was employed.

Starting with the single most significant independent variable,
these regression models are built, as the name implies, in a
stepwise fashion. At each step the procedure seeks to add a
variable or to interchange a variable in the model with a vari-
able not in the model in order to improve the least squares fit
of the regression line. The procedure terminates when there are
no more significant variables in the data. (The statistical
details are given in Appendix B.) Thus, the final output of the
procedure is a sequence of models, each being a better fit of
the data than the ones preceding it. Various statistics about
each model are also provided.

2.3.3 Confidence Regions for the Empirical Noise Curves

A confidence level region of at least 95% may be computed for a
regression curve using the technique described in Appendix B, if
the residuals are normally distributed (the Kolmogorov~Simirnov
statistic is used to test for normality. In a few cases, the
residuals departed slightly from normality, implying that while
the estimate of the regression curve was still correct, con-
fidence regions could not be computed in the usual fashion
(Reference 5).) These confidence regions have the following
interpretation: I1f data were collected 100 times while holding
the values of the independent variables at the same levels
obgserved in the samples, at least 95 of those 100 times one
would expect the empirical noise curve to lie within the bounds
of the confidence region.

2.3.4 Comparison of Empirical Noise Curves with the INM Noise

Curves

Once the empirical noise curves had been computed, each was
graphically compared with the appropriate INM curve(s) whenever
possible. Since the INM curves express the noise level as a
function of the distance at closest point of approach, the only
empirical noise curves that were graphically comparable were
those which included either CPA distance or logyg (CPA dis-
tance) as an independent variable.
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When the empirical noise curve was a function of a set of vari-
ables including one or more that were neither functions of the
slant-range distance nor 1indicator variables, a graphical
comparison was more difficult. 1In order to make any graphical
comparison whatsoever, some constant value of the variables
(other than slant-range distance) must be chosen for use in the
graph. In an attempt to select a generally representative value
while not overfitting the curve to the data at hand and losing
the desired generality, the median observed value of the vari-
ables (other than slant-range distance) was selected. For
example, the empirical NEL curve for the DC-8-55 arrivals re-
sulting from a step-wise linear regression analysis was

NEL = 178 - 24 * 10G;, (CPA DISTANCE) + ,006 *
(CPA VERTICAL VELOCITY)

Using a CPA vertical velocity of -720 feet per minute, the curve
graphed for comparison was actually

NEL = 174 - 24 * LOG)y (CPA DISTANCE).

A further problem in comparing such curves occurs with the
interpretation of confidence regions. 1In some instances, these
confidence regions are three or more dimensional, and as such,
cannot be accurately graphed in two dimensions. The equations
of the empirical noise curves and the sample sizes for all sets
of data examined may be found in Appendix C.

The stepwise linear regression analysis is a statistical tech-
nique which focuses on the structure of simultaneous rela-
rionships among three or more variables. The objective of this
technique 1is to search for the best possible simultaneous re-
lationship between the observed noise and other correlated
variables. Mathematically, these relationship can be deter-
mined. However, in simplifying these relationships, as in
relating observed noise to only slant-range distance, some
secondary relationships may be obscured. This makes inter-
pretation of the data more difficult.
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3.

RESULTS

There are three independent methods of assessing the agreement
between INM calculations and observed noise values. The first
method, the statistical treatment of paired differences, pro-
vides an average difference over the range of CPA distances
involved. The second method, the noise-thrust mapping procedure
determines the thrust needed to produce the observed noise, and
provides an indication of the capability of the model to simu-
late the observed noise without changes to the noise curves,
The third method, the regression analysis and comparison of
noise curves, enumerates and quantifies the effect of the vari-
ables used in the noise calculations and also determines the
mathematical form of the functional relationships. The regres-
sion analysis provides a method for changing or redefining the
noise curves.

Over 6000 single-event noise measurements (measured noise for an
aircraft flyover abeam a monitor site) were taken and paired
with calculations from the INM for statistical comparison. The
observations were categorized by aircraft type, monitor site,
and type of flight operation, i.e., departure or arrival. The
events for each airport, for each aircraft type and each flight
operation were combined for grouped statistics, The aircraft
types were then arranged in three groups: four engine narrow
body aircraft, two/three engine narvow body aircraft, and wide
body aircraft.

For each aircraft type, a mnoise-thrust mapping procedure was
performed for each monitor site and flight operation. The
estimated values of the thrust were acquired from the statis-
tical treatment of paired differences. For purposes of com-
parison with the thrust assumptions, the INM thrust profiles
were provided for takeoff, climb and arrival operations. Each
value was computed from the same sample from which the NEL
differences were computed,

For nineteen of the twenty-eight sets of data examined using the
methodology discussed in Section 2.3, the empirical noise curves
were determined., The charts describing these curves are found
in Appendix C. Note that the curves are only compared for the
observed range of the distance. Since the empirical curves are
regression 1lines and consequently are sensitive to extreme
points, the curves cannot be assumed to be valid outside of this
obgserved range.




Prior to discussing the data case by case, two general ob-
servations should be made. First, the data for arrivals was
less well behaved than that for departures, i.e., using the
variables tested, arrival noise levels were 1less predictable.
Of the fourteen sets of arrival data examined, empirical curves
could be found for only three. 1In those empirical curves not
comparable to the INM curves, the consistently important vari-
ables were altitude, velocity, and logyg (velocity). One
possible explanation for the more erratic behavior of the ar-
rival data is the greater impact of ambient noise on the mea-
sured noise. During the approach or landing phase, the aircraft
is using much less thrust than during the takeoff phase, and
subsequently, much lower noise values are observed during land-
ing. The ambient noise, if correlated or labeled as aircraft
noise, could introduce a much higher and erroneous value than
the actual aircraft noise value. Another possihle explanation
for the more erratic behavior of the arrival data is that the
pilots are varying the aircraft thrust during the 1landing
phase. These thrust adjustments could be for a change in
configuration (lowering landing gear or flaps) or for main-
taining final approach airspeed.

A second general observation is that the data gathered at Na-
tional Airport was significantly less well behaved than that
gathered at Dulles Airport for both departures and arrivals.
Although some empirical noise curves could be determined from
the National departure data, these curves (as measured by the
correlation coefficient) did not fit their respective data as
well as did the Dulles empirical curves. Furthermore, no sta-
tistically valid empirical noise curves whatsoever could be
determined from the National arrival data. The statistically
less well behaved data at National Airport may be caused in part
by the greater dispersion in the ground tracks abeam the monitor
sites as depicted in Figures 1-5 and 1-A. (Monitor sites lo-—
cated at greater distances from the runway threshold tend to
have greater dispersion associated with the ground tracks., The
dispersion in ground tracks, in turn, causes more variability in
the observed noise because of variations in thrust, descent or
climb rates, and shielding from different flight attitudes),

The results will now be presented by aircraft type groupings. A
summary of these results is provided in Section 4.

3.1 Four Engine Narrow Body Aircraft

Data on four different types of four engine narrow body aircraft
was gathered at Dulles Airport. Case by case synopses follow.




3.1.1 Departures (Four Engine Narrow Body Aircraft)

The 957 confidence intervals for mean differences between ob-
served noise and INM calculations are shown in Figure 3-1, The
average difference for monitor sites other than Centreville for
the different aircraft types is in the range from 3 to 7 dB.
The sites all seem to be grouped together except for Cen-
treville. The uniqueness of Centreville is discussed at the end
of this section. Opposite each aircraft type laheled in Figure
3-1 is given first the sample sizes (#) of the ohservations and
then the 952 confidence intervals for the mean differences for
either individual monitor sites f{bars labeled "2" thru "5"), or
the combined differences of all the monitor sites (bars labeled
"1'"), Sample sizes of observations less than 10 are not shown.
For example, for 707-120 aircraft, there were a total of 262
observations for all the sites. Of these 63 observations were
for Dulles North. (The location of Dulles North was previously
shown in Figures 1-3 and 1-4.) For Dulles North, there is a 95%
chance that the mean difference hetween the observed noise and
the INM calculations of the same flyovers is in the range of
about 3 to 5 decibels. 1In other words, this statistic says that
observations at Dulles North are, on the average, 3 to 5 deci-
bels higher than the INM would calculate for the same flyovers.

Figure 3-2 shows both the calculated thrust resulting from
application of the noise-thrust mapping procedure to the mean
differences of Figure 3-1, and also the takeoff and climb thrust
profiles resident in the INM data base. The family of curves
laheled "takeoff thrust"” and "climb thrust" correspond to air-
craft profiles of varying weights. The heaviest aircraft de-
picted in the INM data base would have its takeoff thrust main-
tained at the higher value for a longer distance from start of
takeoff roll than would the 1lightest aircraft. The vertical
bars shown in Figure 3-2 correspond one-to-one to mapped values
of the mean differences from Figure 3-1. For example, the
mapped differences for 707-120's at Dulles North equates to
thrust values between about 15000 and 17000 pounds. Whereas the
actual value of the thrust may not be important, the position of
the mapped thrust value relative to the reference INM thrust
curve is important., TIn this case, the mapped thrust is located
above the takeoff thrust curve obtained from the INM data base.
Since the takeoff thrust is theoretically the maximum thrust
that an aircraft can use for any operation, the location of the
mapped thrust above the takeoff curve indicates that there may
be a problem with the INM takeoff curves themselves, The pro-
blem is that the INM cannot be adjusted to produce a calculated
noise analagous to the noise observed at the monitor sites. In
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sites. In general, results from all four engine narrow bhody
aircraft, when mapped into the thrust regime, indicate that the
required INM thrust necessary to produce the observed noise
exceeds their respective takeoff thrusts.

Figure 3-3 shows a comparison of the empirical and INM noise
curves, The INM noise versus distance curves (shown as solid
lines) are obtained directly from the INM data base and have not
been altered in any way. The empirical curves (shown as dash--
dotted lines) are a result of an automated stepwise regression
procedure, The samples used for the regression andlysis were
not a priori separated into any groupings. The groupings that
evolved are a result solely of the automated statistical pro-
cedure. The 95% confidence interval for the empirical curves
(shown as dashed lines) are shown whenaver the statistical
properties of the sample enabled its calculation. TIn general,
the empirical curves for Dulles Worth, Chantilly and Arcola (a
grouping selected by the automated regression procedure) are 2
to 3 decibels higher than the INM curve for takeoff. The em-
pirical curves for Centreville are very near the INM curve for
climh.

The reason for the uniqueness of Centreville is suggested in
Figure 3-2, which depicts the calculated thrust which would be
required by the aircraft to produce the observed noise. 1In
Figure 3-2, both the takeoff thrust and cl'imb thrust are shown
in relationship to the calculated thrusts as a function of
distance from the start of the takeoff roll. Comparing the
calculated thrusts with the nominal thrust profiles from the INM
suggests that the aircraft are not cutting back to c¢limb thrust
until they are at downrange distance of more than 28,000 feet.
An important observation to be made from Figure 3-2 is that the
calculated thrusts for the observed noise abeam the Dulles
North, Chantilly and Arcola gites all exceed the takeoff thrusts
for their respective aircraft types. The altitudes of all the
aircraft in these samples are above 1500 feet, which means that
if the aircraft were following standard climbout procedures,
they all should be at climb thrust,

The uniqueness of Centreville is substantiated by the comparison
of empirical noise curves and the INM curves in Figure 3-3. The
stepwise regression procedure selected Centreville as being
statistically different from the other three sites for 707-120,
707-320 and DC-8-60 aircraft. For the DC~B-55 sample, the
observations at Centreville were not separated out from the rest
of the sample. The message from three sgeparate approaches says
that Centreville is unique as a noise monitor site, A partial
explanation for this uniqueness is that aircraft are maintaining
takeoff thrust longer during climbout than assumed. Since
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Centreville is a greater distance from the start of takeoff roll
{41000 feet versus approximately 23000 feet for the other
sites), nearly all aircraft have reduced their thrust levels to
those specified for climbout, whereas at the closer—-in sites,
the thrust reduction has not been accomplished by most aircraft.

3.1.2 Arrivals (Four Engine Narrow Body Aircraft)

The average differences between the observed noise and INM
calculation shown in Figure 13-4 are in the range of 1 to 6 dB,
with DC-B8-60's having the best agreement and 707-320's having
the worst agreement. In contrast to the departures, arvival
data at Centreville are not markedly different from the other
three sites,

Although the range of the differences shown in Figure 3-4 are
generally 2 to 3 dB, when these intervals are transformed to
calculated thrust for the ohserved noise, the intervals become
much Tlarger than those for departures as shown in Figure 3-S5,
These large intervals suggest that the range of approach thrust
varies substantially, However, part of problem of interpreting
the arrival data may be in the INM curves used to calculate the
thrusts. Since the calculated thrust are substantially higher
than the INM approach thrust curve, this suggests that the INM
curves are not correct. Since the approach thrust values were
obtained from manufacturer specifications, the INM noise curves
corresponding to a particular thrust are suspect,

The results of the regression analysis (Figure 3-6) show that
the empirical curve for DC-8-~55 arvivals is approximately 2 to 4
4B higher than that calculated by the noise model. The empiri-
cai curves for the other three aircraft types are not shown be-
cause they are not mathematical functions of CPA distance. This
problem is treated in Section 3.4,

3.2 Two/Three Engine Narrow Body Airecraft

Data on three different types of two and three engine narrow
hody aircraft was gathered at Dulles Airport, while data on four
such aircraft types was gathered at National Airport. Case by
case synopses follow.

3.2.1 Departures (Two/Three Engine Narrow Body Aircraft)

Dulles and National departures are not comparable directly,
because of the difference in takeoff procedures. At both air-
ports, takeoff power should he maintained to an gltitude of 1000
feet. However, above 1000 feet, procedures at Dulles call for
departures to maintain climb power, while procedures at National
call for departures to reduce thrust to a setting required to
maintain 500 feet per minute climh.
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Figure 3-7 compares the average vertical velocitv at CPA for all
departures at Dnlles and Natinnal Airports. The vertical veloe-
ities for aircraft departures from Natinnal Ao not 1iffer very
much from those seen at Dulles. In order to maintain the same
climb rate, a similar thrust setting for the same aircraft
tvpe is required. This contention is also supported bhv the
results of the following three separate analyses,

In general, observed noise levels at Dulles for DC-9, 727 and
737 are lower than the INM calculations. One possible expla-
natien for this ohservation is that a portion of the aircraft in
the sample are equipped with guieter, FAR 34 compliant engines.
Tn this analysis, however, aiveraft which have retrofit engines
ars no+* distinguishahle from those which have standard engines.
Thus, all aircraft are assumed tn be equipped with standard
engines,

The results »of the statistical ~omparicon for the differences
bhetween the ohservad noise and INM calculations for two and
three engine narrow hody aircraft are presented in Figure 3-8,
The ~results for Dulles and National Airports are presented
separately. The composite differennes for Dulles sites indisate
that the observed noise is 0 to 3 dB helow the noise model
calculations. Differences for Centreville are noticahly A4if-
ferent from the other sites at Dulles. with the INM calculations
heing 3 to 7 dB bhelow the observed nnise, The composite 4if-~
ferences for National Airport indicate that the ohserved noise
is 2 to A dB higher than the TNM calculations. For National,
differences for 01d Town are noticahliv different from the other
sites, with the chserved noigse heing 7 to 10 48 higher than the
INM calculatinns. Note that the differences for the two air-
ports are measured with respect to different thrust assumptions.

Figure 3-9 shows the calculated thrust corresponding to the
ohserved noise of Figure 3-8, The climb thrusts for Dulles
departures are assimed to bhe higher than those for National
departures. When the calculated thrusts for the two airports
are presented on the same graph as a function of distance from
start of takeoff roll. the apnarent uniqueress of Centreville
and Oid Town bhecames nnderstandahle, The distance from start of
takenff roll for 01d Town is between the distances for Dulles
North and Chantillv; similarly, Centerville is bhetween Marlin
Forast and Waynewood. These relative positions suggest that
air-raf+ ne-formanc: near 01d Town 1s comparable to some Dnlles
airea and t*that aircraft operfnrmance near Centreville i3 com-
parahle to smme National sites.
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Figure 3-10 provides information concerning the statistical
uniqueness of 0ld Town and Centreville. As an example, consider
the empirical noise curves for DC-9 aircraft at Dulles and
National in Figure 3-10., As a result of the stepwise regression
analysis, the empirical curve for Centreville was selected as
being statistically different from the other sites at Dulles
Airport. Likewise, Old Town was selected as being different
from the other sites at National Airport. Figure 3-10 suggests
that the empirical curves for Dulles North, Chantilly, Arcola
and 0ld Town should be compared with the INM curve for takeoff
and Centreville, Ft. Foote, Marlin Forest, Waynewood and Tan-
tallon should be compared with the INM curve for climb.

In some cases, as the DC-9 and 737 departures at National, the
noise versus distance relationships in the range from 5,000 to
10,000 feet seemed abnormally high in relationship to the INM
noise curves. These observations may be the result of nearby
automobile and truck traffic noise near the monitor site and are
currently being investigated. High noise readings at the
greater distances would cause the decreased slope of the noise
curves shown for these two cases.

3.2.7 Arrivals (Two/Three Engine>Narrow~Body~Aircraft)

The statistical treatment of paired differences shown in Figure
3-11 indicates that arrival procedures for the two airports are
similar. These differences are measured relative to the same
arrival profile. The DCY9 and 727 differences are very similar,
with the average difference in the range from -1 to 3 dB, The
average observed noise for 737s is about 2 to 3 dB below the INM
calculations. There is considerable variation in the calculated
thrusts, as shown in Figure 3-12. 1In an attempt to explain
these differences, one must consider typical arrival profiles as
discussed in Section 2.1.1,

The following paragraph describes a scenario as a possible
explanation to the thrust patterns as seen in Figure 3-12. The
thrust for Tantallon is low because aircraft are still des-
cending and have not stahilized at an approach altitude, Air-
craft are in 1level flight abeam Waynewood, Centreville and
Marlin Forest, Aircraft then begin descent for landing and
reduce thrust abeam Ft. Foote to allow the airspeed to decrease
to final approach speed. Aircraft then adjust thrust abeam the
remaining sites to maintain descent along the glide slope.

The arrival data from National Airport yielded no valid empir-
ical noise curve for either DC-9s, 727s, 737s, or BAC-1llls.

Using the =~egression analysis, the noise level could not be
predicted using slant-range distance.
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The arrival data from Dulles Airport was much better behaved
although comparable noise cutrves were only computed for 727 and
737 arrivals. As shown in Figure 3-13, the 727 INM curve is up
to 2 dB lower than the empirical curve up to distances of about
2000 feet and is then up to 2 dB higher than the empirical
curve. The 737 INM curve is 3 to 4 dB lower than the empirical
curve.

3.3 Three/Four Engine Wide Body Aircraft

Data on three different three and four engine wide body aircraft
was gathered at Dulles Airport. Case by case synopses follow.

3.3.1 Departures (Wide Body Aircraft)

The results of the statistical comparisons for wide body depar-
tures are shown in Figure 3-14, The average observed noise
value is between 2 and 5 dB higher than the INM calculation for
wide body aircraft. The average observed value for 747s is 2 to
3 dB, for DC-10s is 3 to 4 dB and for L-1011s is 4 to 5 dB
higher.

The calculated thrusts for departures resulting from the noise--
thrust mapping procedure are shown in Figure 3-15, For the 747
example, 747-200s and 747-100s could not be distinguished by the
methods used in this study. The INM has in its data base,
thrust profiles for both of the types, however, and these are
shown on the chart for comparison. The takeoff thrust for
747-200s is greater than 747-100s and exceeds the 95% confidence
interval for thrust for Dulles North and Chantilly. This con-
fidence interval overlaps the takeoff thrust for 747-100s. The
calculated thrusts for DC-10s and L-101}s exceed the takeoff
thrust for Chantilly and Arcola.

Comparable noise curves, as shown in Figure 3-16, were computed
for all three aircraft types observed. The 747 INM noise curve
is in reasonable agreement with the empirical curve graphed.
For distances above 2000 feet, DC-10-10 INM takeoff curve is
below the lower limit of the corresponding confidence region,
while the INM c¢limb power curve 1is within the confidence
region, The L-1011 INM curves are 3 to 9 dB lower than the
empirical curve graphed.

3.3.2 Arrivals (Wide Body Aircraft)

As shown in Figure 3-17, the average observed NEL value is
between 5 and 6 dB higher than the INM calculation for wide body
aircraft. The values are very consistent between the three wide
bodies.
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The calculated thrusts for wide body arriva’s resulting from the
noise-thrust mapping procedure are shown in Figure 3-18. All
the calculated thrusts exceed the arrival thrust profile for
their respective aircraft.

Empirical and INM noise curves for wide body arrivals are shown
in Figure 3-19. Comparable NEL curves and confidence regions
about them were ccmputed for the DC-10-10 and L-1011, but not
for the 747, The DC-10-10 INM curve is up to 11 dB lower than
the empirical curve graphed using the median CPA altitude. The
L-1011 INM curve is 2 to 5 dB lower than the empirical curve
graphed using the median of logjy (CPA elevation angle),
Interpretation of these two graphs is difficult bhecause of the
necessity finding a simplified two-dimensional relationship from
a higher dimensional simulataneous relatiomnship. Nevertheless,
both graphs would seem to indicate that the INM calculations are
too low in these cases.

3.4 ‘Other Issues

3.4.1 Regression Model for-Arrival Operations

Noise exposure values measured at the various monitor sites for
arrival operations are statistically less well-behaved than
those for departures. As shown by the example of DC-9 arrivals
in Figure 2-3, there is considerable variation in the noise
exposure level, even for constant distance between the monitor
site and the aircraft at the closest point of approach (CPA).
For a constant CPA distance, the noise value, in many cases,
have a range of over 10 decibels.

Table 3-1 shows the variables selected for use in the regression
models used to mathematically describe the observed noise.
Traditional modeling techniques use the log of CPA distance as
the most significant variable. The regression technique sup-
ported this approach for departures (Section 2.3.2). In most of
the cases for arrivals, however, the CPA altitude was selected
first as the most significant, 1In only three cases, was the log
of CPA distance selected first, The correlation coefficients
for the arrivals are nearly in the same range as those for
departures, from .82 to .93,

A possible explanation of the appearance of altitude in the
regression model for arrivals is that altitude reflects the drag
configuration of the aircraft on approach. As the aircraft gets
lower in altitude on approach, more drag (in the form of ex-
tended landing gear and flaps) is being added, and in order to
maintain the same rate of descent and velocity, more thrust is
used resulting in more ohserved noise.
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3.4.2 -Comparison of ‘Pulles and National -Data

A question arises concerning the degree to which the data sets
from Dulles and National airports support similar conclusions or
whether these sets support different conclusions., The following
addresses the inter—airport results of the comparison of empir-
ical noise curves with those in the INM data base.

For DC-98, the Dulles empirical curve for Centreville is almost
identical to the INM deep cuthack curve. The National empirical
cutback curve is within the confidence band about the Dulles
curve for Centreville. For the DC-9 takeoffs, the two empirical
curves are of the same basic shape but have slightly different
slopes. The National curve is close to but outside of the
confidence region about the Dulles curve, except for CPA dis-
tances of 2000-3000 feet where the two curves agree.

For 7278, the Dulles empirical curve for Centreville is in very
close agreement with the National empirical curve. Both of
these empirical curves are in very close agreement with the INM
cutback curve.

For the 737s, there are substantial differences in the curves.
However, the sample sizes were also substantially different, the
Dulles sample size being 36 while the National sample size was
354.

In summary, the inter—airport results for the computation of
empirical noise curves were very consistent, with the exception
of the 737 where the two sample sizes were extremely different.,
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CONCLUSIONS

The results of three separate analyses of aircraft departures
and arrivals, their noise measurements, and their comparison
with analogous noise calculations by the FAA Integrated Noise
Model are summarized in Tables 4-~1 and 4-2. Based on these
results as well as others presented in this study, the following
conclusions have been reached concerning the INM's performaace

in modaling air carrier operations at Dulles International and
Washington National Airports.

1. The criterion for "non-agreement'" is defined as the
average of the paired differences (between actual observed
noise from field measurements and calculations of analogous
single noise events from the INM) being greater than three
decihels f3dB). Using this criterion, noise calculations
derived from the use of the INM do not agree with actuagl
observed noise values for four engine narrow body aircraft
for departure operations, nor do they agree for most of the
wide body aircraft types for departure operations. Because
of the wide range of variability in measured values for
arrival operations, the interpretation of the arrival data
igs difficult. (The confidence intervals for the average
ohserved noise differences as well as the confidence band
around the regression estimates are large.) Again, using
the three decibel criterion for only the observed dif-
ferences, noise calculations derived from the use of the
INM do not agree with actual observed noise values for wide
body aircraft for arrival operations.

2, INM calculations of noise events can be changed or
calibrated most easily by using two methods: adjusting
thrust profiles, and adjusting noise curves. The method of
adjusting thrust profiles alone does not have the inherent
range (controllability) to allow the calibration necessary
to make the results of the INM calculations for four engine
narrow body aircraft, for example, comparable to actual
measurements (i.e., even when the INM thrust is set for
maximum takeoff thrust, the average observed noise is still
greater than the resulting INM calculation. This situation
is unreasonahle since the maximum takeoff thrust is a
limiting value, and when set at this maximum thrust value,
an aircraft would theoretically produce the loudest possible




possible noise value for that particular aircraft.) 1In
order for the INM calculations to agree with the observed
naise, the noise curves in the INM must be adjusted to
reflect the actual measurements made in the field by rede-
fining new noise curves.

3. The results of the noise measurements comparisons based
data taken at Dulles International Airport are supported by
those taken at Washington National Airport for two and
three engine narrow body aircraft. (Four engine narrow
body aircraft and wide body aircraft operations were ob-
served only at Dulles Airport.)
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RECOMMENDATIONS

The objective of the FAA Integrated Noise Model is to calculate
the noise from aircraft operations in the vicinity of an airport
(for an average day of the year in an operational environment),

The Noise Exposure Levels (NELs) used in the INM data base were
derived mathematically from maximum sound level measurements
with duration corrections obtained from Effective Perceived
Noise Level (EPNL) measurements by a mathematical method, and
thus the NELs in the data base are in part theoretical. From
these theoretical values, the noise versus distance curves now
residing in the data base were obtained.

On the other hand, the empirical noise versus distance curves
presented in this report are a reflection of an actual day of
the year 1in an actual operational envirvonment. These curves
were derived from a cross-section sampling of aircraft opera-
tions for eight months of data acquisition. The observations
are consistent and present a good means to satisfy the stated
objective through fine-tuning the TNM.

The following steps are recommended in order to improve the
accuracy of the INM for aircraft types whose observed noise
values do not agree with analogous INM calculations:

1. Adjust the noise curves in the INM for agreement by
using empirical noise curves resulting from regression
analyses of observed noise values. The noise curves should
he adjusted to improve accuracy of noise calculations for
takeoff and climb flight operations only, since the actual
thrust values used for these operations are procedurally
set to a relatively known and fixed value.

2. After adjustment of the noise curves, the noise-thrust
mapping procedura described in this study should be used to
fine tune or calibrate the thrust profiles for arrival
operations. Certain assumptions will have to be made
concerning what actual thrust value is being used abeam the
various sites, as well as assumptions concerning the flight
configuration (i.e., flap and gear extension). These
assumptions are an integral part of the calibration process.

3. To insure that the calibration procedure is correct, a
complete set of noise observaticns should be taken at two
other airports and the statistical comparisons of observed
noise versus INM calculations be repeated.
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APPENDIX A

INM NOISE EXPOSURE CALCULATIONS

The determination of the noise exposure calculated by the In-
tegrated Noise Model (INM) as paired to an actual noise event
can be broken down into five major sections: (1) correlation
of the noise event with radar track and flight plan data, (2)
calculation of the c¢losest point of approach (CPA), (3) esti-
mation of the thrust used by the INM under similar flight con-
ditions, (4) determination of the noise versus distance curves
for the aircraft type, and (5) calculation of the noise value
and with corrections for the flight condition. The methodology
for this process is diagrammed in Figure A-1.

A.1 Calculation of Closest Point of Approach

The closest point of approach (CPA) for an aircraft as it passes
near a monitor site is a result of using an second order regres-
sion estimate of the flight's radar track history. The ARTS IIT
radar track histories for an aircraft flyby consists of a series
of position reports P,, where n is the number of the beacon
report for a particular track. The following text contains a
mathematical description of the method used to obtain an esti-
mate for the CPA for these position reports.

P, can be written parametrically as

Py = (Xqy Yns Zny ta)
where

(x4, 9y,) 1is the abscissa and ordinate respectively of
the aircraft's position

z, is the altitude of the aircraft

th is the time at which the position report occurred.
Because of the quantization characteristic of the ARTS III
system, the altitude values are rounded to the nearest 100
feet. The time between position reports (tp,1-t,) is ap-
proximately four seconds.
e 3w data estimate for the CPA is found by calculating the

+ vimum Aigtance from all the position reports ranging over the

jo v v,

A-1
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Pp* = minimum [x% +y2 4 z%] for Pj
i

The five reports preceeding and following this report p,* are
then selected for the second order regression estimates. To
obtain estimates of the CPA, using the position reports P,_s,
Pofs ++ey Pp¥, .ioy Ppss5, three least squares regressions
ware performed by x versus t, y versus t, and z versus t,.

The resulting form of the least squares regressions using ortho-
gonal polynonials is: .

= |1 2 v

X = 5 Axt" + ‘]xt + x){
= L 2
= 1

z= 5 Agt? + Vpt X,

wher: A, V, and X are constants representing acceleration,
velocity and initial position respectively.

Using the parametric estimates for x, y, and z, the actual CPA
i3 found by numerically computing the minimum distance for the
range t,_5 to tpy5 by incrementing time in the parametric
astimates by .1 seconds. The time at CPA is k¥,

ZPA = minimum xg + y% + z% for [t -5%ty < tues
Ey k k

tk= tk_l + .1
t* = value of ty which yields CPA
The velocity estimate at CPA is

ve =V x2 + 32 for ¥

siace x axl y are first derivatives of the regression es-
timates, The vertical velocity at CPA is the first derivative
of the altitude regression estimate z for t*,

A.4 Estimation of Thrust and Determination of Noise Versus
Distance Curves

The Integrated Noise Model has a number of aircraft definitions
stored in its data base, as listed in Table A-1. Those aircraft
which have heen checked are those which have been used for
comparison purposes in this analysis. The aircraft definitions
consist of flight profiles, noise versus distance curves, and
other parameters used in calculating noise values for a parti-
cular aircraft.

A-3




TABLE A-1

AIRCRAFT DEFINITIONS STORED IN THE INM

AIRCRAFT NAME

2E NBTF

3E NBTF

4E NBIF

4E NTJ

STOL

SST CONCORDE

2 Engine Wide Body
3E MRWB

3 Eng. WB

3E LRWB

3E LRWB

4 Eng. WB

DC9 w/SAM Engines

737 w/SAM Engines

727 w/SAM Engines

707 w/SAM Engines

DC w/SAM Engines

727 Adv. w/SAM Engines
727 Adv. w/RFN Engines
2ETFGA SABRELINER

] 2ETP TWIN OTTER

‘ 2EP CESSNA 310

DC-9-32
DC-9-15
BAC-111
737/100-200
727-200
727-100
707-320B/C
707-120B
7208
DC-8-55
DC-8-61/63
Convair-990
707-120/320
720

DC-8-30
Convair-880
vC-10
F-28-2000

DC-10-10
L-1011
DC-10-30
stretch
747-200
747-100

747~ stretch

[S——

For 2o




The INM uses a flight profile table relating distance along
track, altitude, velocity, and thrust inm conjunction with a
ground track definition to determine an aircraft's flight

conditions for a given point along the track. Flight profiles
are broken up into linear segments as shown in Figure A-2,
Figure A-2 shows parametric relationship between altitude,
velocity and thrust as a function of distance from start of
takeoff roll or landing threshold. 1In this study, however, only
the thrust profile is used to estimate the thrust abeam a moni-
tor site. The measured altitude and velocity from the radar
data are used in the INM calculation. Once the thrust value
abeam the site is estimated, then the noise versus distance
curve for that thrust setting can be obtained from the INM data
base. An example of noise curves for 727 aircraft is shown in
Figure A-3.

A.5 Calculation of Noise Values

The noise curve for a particular aircraft type together with its
measured flight characteristics are used to calculate the noise
level for a flyover. This process is outlined in Figure A-4 and
more fully explained in Reference 1.

The noise curve and CPA distance are used to interpolate in the
noise curve for the uncorrected value for the noise level. The
CPA velocity is used to compute a velocity correction. For NEL
values, additional corrections are made, using the CPA altitude
for shielding and excess ground attenuation factors.
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APPENDIX B

STATISTICAL TOPICS FOR REGRESSION ANALYSIS

The following sections discuss the statistical foundations of
the computation of empirical noise curves and their comparison
with the INM curves.

B.l Indicator Variables

An indicator variable is used to indicate whether each in-
dividual observation in the data possesses a certain charac-
teristic of interest., The indicator variables in these analyses
were set equal to 1 when the characteristic in question was
possessed by the observation and equal to O otherwise. For
departures, the variable "climb" was included to indicate whe-
ther the CPA altitude was above 1500 feet, because of the
changes in thrust dictated by takeoff procedures at this point.
Indicator variables were also used for wmonitor site and air-
line. When a characteristic, such as airline, has several
subdivisions, it is customary to use one fewer indicator vari-
able than there are subdivisions, because of the mathematical
properties of the regression calculations (Reference 4).

Thus for the 707-320 departures observed at four Dulles Airport
sites, three indicator variables for site were included, one
each for Dulles North, Chantilly, and Centreville. A general
list of the variables tested in each case is given in Table B-1.

Notice that when an indicator variable is significant, its
effect is to add the value of its coefficient to the constant of
the regression equation for those observations having the in-~
dicated characteristic. Thus, since the empirical NEL curve for
the 707-320 departures at Dulles Airport is

NEL = 153.864 - 7.267 * CENTREVILLE - 14.397 *
LOGyg (CPA DISTANCE) - 0.002 * CPA DISTANCE,

this "curve'" is really two different curves as follows:

1. For observations at Dulles North, Chantilly, and Arcola,
NEL = 153.864 - 14.397 * L0G;q (CPA DISTANCE) -
0.002 * CPA DISTANCE.

2. For observations at Centreville,
NEL = 146.597 - 14.397 * LOG,q (CPA DISTANCE) -
0.002 * CPA DISTANCE.

B-1
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TABLE B-1

VARIABLES TESTED FOR SIGNIFICANCE

L 6 R WA N ol RO A Ao m = o e s o o

TYPE VARTABLES

MONITOR SITES

INDICATOR ATIRLINES
CLIMB
CPA RANGE
CPA ALTITUDE
QUANTITATIVE CPA VELOCITY

CPA VERTICAL VELOCITY
CPA ELEVATION ANGLE

10G;o (CPA DISTANCE)
TRANSFORMATIONS L0G;o (CPA ALTITUDE)
LOG)o (CPA ELEVATION ANGLE)




In such cases, the curve indicating lower noise levels at sites
farther from the runway is comparable to an INM curve for thrust
reduced appropriately below takeoff power.

B.2 Stepwise Regression

When a stepwise procedure is used, the principle of parsimony
should be applied in deciding which model to select. 1In other
words, one should weigh the merits of having the best least
squares fit possible against the merits of having a model with
few independent variables, which is thus easily used and inter-
preted. Thus, it may be wiser to choose a model with a lower
correlation coefficient but with fewer variables, For example,
if a seven-variable model were chosen from the stepwise proce-
dure, the last several variables to enter the model might re-
flect relationships specific to the 1input data rather than
relationships with the desired general application. Hence, the
empirical NEL curves used for comparison were judiciously chosen
in an attempt to have an easily interpretable model with a good
least squares fit.

Once an empirical noise curve was selected, the statistical
assumptions that every regression model must satisfy were ex-
amined (Reference 7).

As an example, the stepwise procedure for the 707-320 departures
at Dulles Airport is illustrated in Table B-2., Notice that
those variables which are thought to be fundamental in esgti-
mating noise levels are put into the model in the first few
steps and vesult in a good least squares fit as measured by the
multiple correlatioa coefficient (R).

The stepwise regression procedure is an economical way of com-
puting a set of "best" independent variables to use in esti-
mating a dependent variable. 1Initially, each possible simple
linear regression is computed along with its corresponding F¥*
statistic for testing whether the coefficient of that in-
dependent variable in zero. Here

5(%.- 2/ (p-1)

F* = - 3 A 3 -

(Y, - Y.)"/(n-p)
1 1

where n is the sample size, (p~1) is the number of independent
yariables in the model, Y is the dependent variable, and the
i's are the values of Y estimated by the regression function
(the "fitted" values). The independent variable which results




e~ T e

SANITHIV NVOTHIWY = VV

SANITIIV NVOTYIWV NVd = Vd
SATAVINVA HOLVOIANI =«
@10ATdS TIAN +

991 = 32IS ITdWVS ‘3JION

9000° | soes’ | ceve- gzo w- | 9ee-1- 89Tz~ | €00°0- 6069~ oL 11— 162°SST i

%00 | 6688° | teve’ L6v°t- | zvato- | sv1°z- | zooto- vE6° 9~ covET- 968951 9

9900 | s9ss* | stve ov0 0~ | ozt~ | z00°0- 0zt 9- 89991~ 0vZ"8ST S

o600 | 66s8- | oste w1 t- | zooto- AT oye T~ oY1 8h1 4 -

9010° | eor8* | ze€s” 200°0- 192°¢- L6€" 0T~ 4981 o <

oo

c1go” | €098~ | seze SL6'9- 920" L2- 269°T61 z

o6cet | o6ce- | 9zss: £0¢"0g- 26€°207 T

24 NI 2 ¥ (o *vv | 98V T3 #Vd | FONVISIQ | »3TTIANIINTD ot INVISNOD | “ON
ISVAUONI 13)%% 901 (1s10) 001 Ja1s

STTIVINVA LNAANZJAANT

IYOd¥IV SITINA 1V STYNIIVAIA 0TE-LOL
- STAYND TIN TVOTYTIWY J0d SNOTILVINDTVD ISIMAALS

3 7-4 374Vl

!




in the largest F* value is added to the model. The correlation
coefficient (R) between the observed values and the fitted
values of the dependent variable for any regression model is
computed as follows:

On each successive step of the stepwise procedure, the model is
examined to determine whether the R value can be increased by
interchanging one variable in the model with one variable not in
the model. 1If an interchange is not beneficial, the variable
with the largest F* value, computed in a manner analogous to
that shown earlier, is added to the model.

The procedure terminates when the largest F* of variables not in
the model is below some predetermined level, indicating that any
other variables added to the model would have coefficients equal
to zero. The predetermined cutoff for F* has no exact probabil-
istic 1interpretation because of the iterative nature of the
process., However, a cutoff of F(.95,1,n) was used in general
to roughly correspond to a single test of this nature.

B.3 Computation of a Confidence Region about a Regression Curve

The confidence regions for the empirical NEL curves were com-
puted using an extension of the Working-Hotelling confidence
bands for a regression line with only one independent variable.
At each of 25 points on the curve, chosen somewhat uniformly
throughout the range of the CPA distance for that data, a 95%
confidence interval about that point was computed as follows:
For a particular level of the (p-1) independent variables X,
the vector of regression coefficients B, and the data matrix X,
the interval about X,,'B, the value of the curve is

d

Q W (Q)< 'B<Q W (Q)
s(Y, )X BeY, + W s(¥y

A
Where s2(Yy) = MSE (Xp(X'X)71Xy) for MSE = the mean

square error of the regression and w2 = p F(.95;p,n-p).




Notice that the width of the confidence region is proportional
to the value of F(.95;p,n-p). Therefore, if the confidence
level were decreased to say 80% rather than 95%, the width of

the confidence region would decrease since F(.80;p,n~p)
F(.95;p,n-p).




AD-ADB1 426

UNCLASSIFIED
2»2

ar:
s

MITRE CORP MCLEAN VA METREK DIV

DEC 79 R 6 6ADOSs J M ALDRE
MTR-79W00095 FAA/EE=-80~04

F/6

~FASOWA=4370
. N

6 173

FAA INTEGRATED NOISE MODEL VALIDATXON. PHASE 1. AchYSIS OF INT==ETC(U)
D




B 45 28 25
= ™ WE
|78
i

s mé

rer

c
Fr

o Fw
nm% |||l|§ s

!
¥

.

. . .
MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-f.

~ . ] Dl |
AN . Koy

. )

5

i




APPENDIX C

EMPIRICAL NOISE CURVES FROM REGRESSION ANALYSIS

The following tables provide a case by case comparison of the
equations of the empirical noise curves resulting from the
regression analyses described in Appendix B,
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